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Abstract
The g factor of the 2+1 state in 44Ca has been measured using the transient field technique and Coulomb excitation in
inverse kinematics. A positive value of g(2+1 , 44Ca)=+0.12± 0.05 was deduced. The result suggests the (fp)4ν configuration
competes with excitations of the 40Ca core. A simple model which considers that the wave function for the 2+1 state consists of
approximately equal admixtures of spherical four valence neutron configurations and a deformed core configuration accounts
for the experimentally observed g factor as well as the previously measured quadrupole moment.
 2003 Published by Elsevier Science B.V.
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The calcium isotopes, with 20 protons and 20
neutrons occupying closed shells and with valence
neutrons in the 1f7/2 orbit, have been a traditional
testing ground of 1f7/2 shell model calculations.
The measurement of magnetic moments of low-lying
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Open access under CCexcited states in calcium nuclei can yield information
on the single-particle components in the wave function
as well as on their interplay with collective degrees of
freedom. Fig. 1 shows all measured g factors of the
7/2− ground states of the odd mass calcium nuclei
[1] as well as g(6+1 , 42Ca) [2] and g(2+1 , 44Ca), past
[3] and present. The measured g factors are negative,
as would be expected for an unpaired f7/2 neutron,
however, the g factors deviate from the Schmidt limit,
suggesting more complex configurations. Conversely,
proton configurations can be investigated from studies
of the neighbouring Ti and Cr isotopes. Magnetic
moments of 2+1 states in the f p shell nuclei 46,4822Ti and
 BY license.
188 M.J. Taylor et al. / Physics Letters B 559 (2003) 187–192Fig. 1. Measured g factors of the 7/2− ground states of odd A calcium isotopes [1]. The g factors of the excited 6+1 state in 42Ca [2], the
previously measured g(2+1 , 44Ca)=−0.28 ± 0.11 [3] and the measured value from this work g(2+1 , 44Ca)=+0.12 ± 0.05 are also shown.
For reference the Schmidt value for f7/2 neutrons is indicated by the dashed line.50,52,54
24Cr have recently been measured [4,5]. It was
shown that while the g factors for the 2+1 and 4
+
1 states
in 50,52Cr are in good agreement with full f p shell
model calculations [6–9], the results for the Ti isotopes
are somewhat larger than the model predictions. This
deviation observed for the Ti isotopes was attributed to
particle excitations from the closed doubly magic 40Ca
core. It has been suspected that 40Ca has significant
core excitation whilst 48Ca is a better doubly closed
shell magic nucleus [10] and therefore 44Ca is of
particular interest as it lies in the middle of the shell.
A measurement of the g factor of the first excited
2+1 state in 44Ca was performed previously by Niv
et al. [3] using a surface-interaction tilted foil exper-
iment. They obtained g(2+1 , 44Ca) = −0.28 ± 0.11.
This negative g factor, albeit with large uncertainty,
suggests that the (fp)4ν configuration dominates. This
result is surprising since it is known that in 44Ca [11],
as well as in neighbouring nuclei [10], particle–hole
excitations from the 40Ca core play a major role. A
more accurate measurement is required to understand
the relative roles of the fp shell single-particle con-
figurations and the 40Ca core excitations. To further
explore these issues and to test the nuclear models, the
g factor of the 2+1 state in 44Ca was re-measured.2. Experimental details
The measurement was performed using projectile
Coulomb excitation in inverse kinematics in combi-
nation with the transient field (TF) technique [12,13].
The use of inverse kinematics increases the detection
efficiency of forward-recoiling target nuclei. In addi-
tion to the kinematic focusing in the beam direction,
the projectile ions have high velocities, a condition
which is favourable since the transient-field strength
generally increases with ion velocity.
Two experiments, which will be referred to as Run I
and II, were performed at the Wright Nuclear Struc-
ture Laboratory at Yale. The first experiment had 44Ca
beam energies of 85 and 90 MeV and used a multilayer
target consisting of 0.17 mg/cm2 of natural carbon
deposited onto a 3.81 mg/cm2 rolled gadolinium foil
onto which a 6.28 mg/cm2 copper backing layer was
evaporated. In the second experiment beam energies
of 90 and 95 MeV and a target with 0.16 mg/cm2 car-
bon, 3.79 mg/cm2 gadolinium and 7.03 mg/cm2 cop-
per were used. The 44Ca beam, with an average inten-
sity of ∼ 0.3 pnA, was Coulomb excited by the carbon
target layer. The excited 44Ca ions traversed the fer-
romagnetic gadolinium layer where they experienced
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Energy and velocity, where v0 is the Bohr velocity, for 44Ca ions entering and leaving the gadolinium layer for the two targets used. Their
magnetizations measured at 0.0725 T and 60 K, the magnitude of external field used and approximately the temperature to which the targets
were cooled for the precession measurement, are also shown
Target EBeam Ein Eout 〈v/v0〉in 〈v/v0〉out −→M
(MeV) (MeV) (MeV) (T)
Target I 85 27.32 2.68 5.00 1.57 0.1444
90 29.08 3.28 5.16 1.73
Target II 90 29.28 3.42 5.18 1.77 0.1533
95 31.03 4.11 5.33 1.94the transient field and then stopped in the interaction-
free copper layer. The target, mounted onto the tip of
a helium displex refrigerator, was cooled to ∼ 60 K
and magnetized by an external field of 0.0725 T whose
direction was reversed every 4 minutes. The kinemat-
ics pertaining to the two targets and the two runs are
shown in Table 1. The emitted γ rays were detected
by four 12.7 cm× 12.7 cm NaI(Tl) detectors all posi-
tioned 15.7 cm from the target in the horizontal plane.
The forward scattered carbon ions were detected in a
100 µm thick Si counter positioned at 0◦ to the beam
direction. The Si detector was placed 3.1 cm from the
target giving a maximum angle for recoil detection of
18◦ from the beam axis. An additional 4.55 mg/cm2
copper foil was placed in front of the Si detector to
ensure that the beam was completely stopped. For-
ward and backward facing soft iron cones were placed
in the target chamber to eliminate beam bending in
the fringing field of the magnet. These cones were
shaped so as not to interfere with the γ rays reach-
ing the detectors. The inverse kinematics conditions
involve high energy incoming beams and high en-
ergy light particles recoiling into the forward detector,
reducing further any possible beam bending effects.
A 70% Ge detector was also positioned at 0◦, behind
the Si counter, to monitor contaminant lines and tar-
get integrity. All γ rays in coincidence with a parti-
cle implantation in the Si counter were recorded. By
demanding particle energy and particle-γ time con-
ditions pertaining to 12C recoil implantations, spectra
for each detector were produced. Fig. 2 shows a typi-
cal particle-γ ray coincidence spectrum obtained in (a)
the Ge detector at 0◦ and (b) one of the NaI detectors.
Random coincidences, although negligible due to the
low beam intensity, were nevertheless subtracted from
each γ -ray spectrum. The 44Ca(2+1 → 0+1 ) γ -decayline, E(2+1 ) = 1.157 MeV and τ = 4.19(18) ps [14],
can clearly be seen. In order to evaluate a precession
angle, θ , the slope of the γ -ray angular correlation
had to be determined. The angular correlation of the
2+1 state was deduced from anisotropy measurements
carried out with detectors placed at angles of 50◦
and 80◦ to the beam line [15]. These measurements
yielded logarithmic slopes, S(67.5◦) =−2.42± 0.06
and S(67.5◦)=−2.30± 0.04 at beam energies of 85
and 90 MeV, respectively. Precession measurements
were made with all of the detectors at 67.5◦ to the
beam line.
3. Results
Double ratios, for pairs of forward and backward
facing detectors, were deduced from the number of
counts in the 44Ca photopeak using the formulae
described in Ref. [15]. Cross ratios, for opposite
pairs of detectors, were also calculated. These ratios
should be equal to unity in the absence of systematic
effects. The measured cross ratio, over the entire
data set, for one such pair of opposite detectors was
0.998(7). Only data whose cross ratios were less than
one standard deviation of unity were used in the
g factor calculation. The g factor of the 2+1 state
was determined using the Rutgers parameterization of
the TF as given by Shu et al. [16]. The results for
each run are summarized in Table 2. The weighted
average for both experiments results in a value for
g(2+1 , 44Ca) = +0.12 ± 0.05. This positive g factor
disagrees with the result obtained in the tilted foil
experiment performed by Niv et al. [3]. It is not clear
why the Niv et al. experiment yielded a negative g
factor but it is universally recognised that tilted foil
190 M.J. Taylor et al. / Physics Letters B 559 (2003) 187–192Fig. 2. (a) A 12C γ -ray coincidence spectrum for the Ge detector at 0◦ taken during the precession measurement with EBeam = 90 MeV. The
spectrum represents data obtained over 6.75 hours. The 44Ca (2+1 → 0+1 ) γ -ray can clearly be seen at 1.157 MeV. (b) A 12C γ -ray coincidence
spectrum for one of the NaI detectors under the same conditions as (a). Again the 44Ca (2+1 → 0+1 ) γ -ray can clearly be seen. Similar spectra
were produced for each NaI detector and for each field direction.Table 2
Summary of results for Runs I and II performed with beam energies
of 85, 90 MeV, and 90, 95 MeV, respectively. The table shows the
logarithmic slopes, S , deduced from the anisotropy measurement,
the measured precession angles θ , g(2+1 , 44Ca) for each run and
the combined g(2+1 , 44Ca)
S(67.5◦) θ (mrad) g
Run I −2.42(6) −2.3(1.8) +0.12(9)
Run II −2.30(4) −2.5(1.3) +0.13(7)
Combined +0.12(5)
experiments are very difficult and could be subject
to instrumental asymmetries. As an additional check,
the sign of the measured g factor was independently
confirmed in this experiment by analysing the 48Ti
(2+1 → 0+1 ) transition present in the same data set.
At EBeam(44Ca) = 90 MeV, which is at the Coulomb
barrier for 44Ca on 12C, the carbon breaks up and one
alpha particle is transferred to the 44Ca ion, producing
48Ti. By selecting the region in the particle spectrum
that corresponds to the detection of the two remaining
alpha particles (from 8Be break-up), 48Ti γ -rays were
observed and the sign of g(2+1 , 48Ti) was confirmed.
A recent measurement performed by the Bonn
group yielded g(2+1 , 44Ca) = +0.17 ± 0.03 [17], inagreement with the value obtained from the present
analysis.
4. Discussion
The observed positive g factor contradicts the ex-
pectations for g from pure (f7/2)4 or (fp)4 neu-
tron configurations. The simplest shell-model picture
of 44Ca involves a closed 40Ca core and four va-
lence neutrons in the f7/2 subshell. The g factor of
the 2+1 state, in such a configuration, is given by
the Schmidt value of −0.547. A complete (fp)4ν cal-
culation with four valence fp shell neutrons out-
side the inert closed 40Ca core yields a g factor of
−0.415 with the KB3 interaction and −0.374 with
the FPD6 interaction. This (fp)4ν model does not ex-
plain the value for g(2+1 , 44Ca)=+0.12± 0.05 mea-
sured in this work. The new measurement indicates
that the 2+1 wave function must also include large ad-
mixtures of configurations with a positive g factor,
which will be attributed to particle–hole excitations
of a deformed 40Ca core. In addition, (fp)4ν shell-
model calculations disagree with the experimental val-
ues for the reduced transition probability B(E2 : 0+1 →
2+1 , 44Ca)= 0.047± 0.002 (e b)2 [14] as well as with
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−0.14 ± 0.07 e b [11]. For a pure (f7/2)4ν configura-
tion the Q(2+1 ) should vanish as 44Ca lies in the mid-
dle of the shell and Qparticle = −Qhole. A calcula-
tion for the (f7/2)4ν configuration yields a value for
B(E2 : 0+1 → 2+1 , 44Ca) = 0.00636 (e b)2 using either
the FPD6 or KB3 interactions and an effective charge
of 0.65 for the neutron, as used by Towsley et al.
[11] for 44Ca. The complete (fp)4ν calculation with
this effective charge yields Q(2+1 ) = −0.067 eb and
B(E2 : 0+1 → 2+1 ) = 0.01175 (e b)2 with the FPD6 in-
teraction and Q(2+1 ) = −0.039 eb and B(E2 : 0+1 →
2+1 )= 0.00935 (e b)2 with the KB3 interaction, which
are considerably smaller than the experimental values.
Thus, even with an effective neutron charge of 0.65,
larger than the commonly used 0.5, the (fp)4ν calcu-
lations yield values for Q(2+1 ) and B(E2 : 0+1 → 2+1 )
that are still inconsistent with those measured experi-
mentally. The new magnetic moment measurement of
this work, unlike the previous one [3], definitely rules
out the pure (fp)4ν configuration for the excited 2
+
1
state in 44Ca and clearly indicates the presence of other
admixtures in its wave function.
In line with the work of Gerace and Green [10]
and Towsley et al. [11], the wave function of the
|2+1 〉 state in 44Ca can be considered to consist of two
components
(1)
∣
∣2+1
〉= C[(fp)4ν
]
J=2 +D[deformed state]J=2.
The first component represents the |2+1 〉 wave function
of the spherical shell model; the second component
combines many particle–hole excitations (2p–2h, 4p–
4h, etc.). These p–h excitations involve exciting
protons and/or neutrons from the sd shell into the fp
shell. Proton excitations are expected to play a more
important role as there are already 4 neutrons in the
fp shell. The work of Caurier et al. [18] suggests
that excitations from the (2s1/2,1d3/2) subspace into
the (1f7/2,2p3/2) subspace are important, especially
in 44Ca. However, the approach used in this Letter
does not require detailed knowledge of the particle–
hole excitations.
The two components of the above wave function
are orthogonal, hence the coefficients C and D are
such that C2 + D2 = 1. Thus, C2 and D2 can be
determined from the experimentally measured value
of +0.12 for the g factor of the 2+1 state in 44Ca,assuming theoretical values for the g factors of the two
components:
g
∣
∣2+1
〉=+0.12± 0.05
(2)
=C2g[(fp)4ν
]
J=2 +D2g[deformed state]J=2.
For g[deformed state]J=2 the collective value of
Z/A = 20/44 = 0.455 can be used since this J = 2
state would be the 2+ member of some collective
band. For g[(fp)4ν ]J=2, the average of the results for
the FPD6 and KB3 interactions from the previous
model can be used, g[(fp)4ν ]J=2 = −0.395. This
analysis yields C2 = 0.39 ± 0.06 and D2 = 0.61 ±
0.06, similar to the results of Gerace and Green for
the 2+1 state in 42Ca where a 50% admixture of a
deformed component was determined [10]. Towsley
et al. [11], however, obtained values for C2 and
D2 by fitting the central value of their measured
quadrupole moment data, namely, Q(2+1 , 44Ca) =
−0.14 e b. Their approach results in values for C2 =
0.43 and D2 = 0.57, in good agreement with the
values for the coefficients obtained here from the g
factor measurement of the present work.
Interestingly, while Q(2+1 ) is dominated by the
deformed component’s contribution, the (fp)4ν and
deformed components make contributions of about the
same magnitude, but opposite sign, to g(2+1 ). Towsley
et al. also point out that stripping data [19] suggests
an admixture of 47% (fp)4ν in the 2
+
1 state in
44Ca,
again in agreement with the (fp)4ν admixture of 39%
calculated in the present work.
The calculation of the B(E2 : 0+1 → 2+1 , 44Ca) is
more complicated. The characteristics of the 0+1 state
have to be considered. The stripping data [19], ac-
cording to Towsley et al. [11], suggests that in the 0+1
ground state of 44Ca 83% of the wave function cor-
responds to an (fp)4ν configuration, hence the ground
state would have a deformed admixture of only 17% in
the context of the model discussed here. Towsley et al.
took an admixture in the 0+1 of 73% (fp)4ν and calcu-
lated a B(E2 : 0+1 → 2+1 ) of 0.0224 (e b)2. This calcu-
lated B(E2 : 0+1 → 2+1 ) is smaller than the experimen-
tal value of 0.047(2) (e b)2, but larger than the (fp)4ν
shell model values, noted earlier, of 0.01175 (e b)2
with FPD6 and 0.00935 (e b)2 with KB3.
192 M.J. Taylor et al. / Physics Letters B 559 (2003) 187–192In summary, a new measurement of the g factor of
the first excited 2+1 state in 44Ca has been performed
with greater accuracy than that obtained in a previous
measurement. A positive value for this g factor has
been obtained, which is in striking contrast to the
negative result expected for (fp)4ν configurations. This
positive g factor for the 2+1 state in 44Ca has been
explained in the context of a simple model. This model
considers a wave function consisting of approximately
equal admixtures of two parts; the first involves
four valence neutrons occupying single-particle shell-
model orbits in the fp shell outside an inert 40Ca
core, while the second involves a deformed state, with
particle–hole excitations from the closed 40Ca core.
The model used also explains the previously observed
value for the quadrupole moment of the 2+1 state in
44Ca and agrees well with the stripping data. The
current result shows unequivocally that a single major
shell approach to the Ca isotopes is inadequate and that
deformed admixtures are essential.
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